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Cataclastic deformation bands, which are common in porous sandstone, have the 
potential to restrict fluid flow. Geological studies have shown that permeability of 
deformation band shear zones can be one to five orders of magnitude less than for the 
sandstone host rock. However, recent studies based on simplified analytical estimates 
have shown that fluid flow in jointed deformation bands may not be retarded since joints 
play an important role in conducting fluids. In this study, 2 dimensional finite element 
analysis (FEA) is used to simulate the total discharge flow rate through jointed 
deformations. Variations of single planar and conjugate jointed deformation bands are 
considered. The study includes a sensitivity analysis of joint aperture, joint and 
deformation band orientation, joint spacing, and deformation band thickness in order to 
evaluate the influence of these parameters on the total discharge flow rate via jointed 
deformation bands. This study also considers the influence of spatial distribution of 
deformation band, deformation band orientations, and deformation band continuity on 
fluid flow and provides the comparison with jointed deformation band to investigate 
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1.  INTRODUCTION 
1.1. OVERVIEW 
Deformation bands are strain localization features that forms in porous rock 
where porosity is larger than 15% (Fossen et al., 2007). When strain occurs in highly 
porous rock, extensional fractures or slip surfaces are not initiated. Instead, strain 
localization leads to the development of deformation bands (Fossen et al., 2007). There 
are many kinds of deformation bands: disaggregation bands, phyllosilicate bands, and 
cataclastic bands, all of which are formed by different mechanisms (Fossen et al., 2007). 
Deformation bands have been found in proximity to major faults and folds (Antonellini et 
al., 1994; Hesthammer & Fossen, 2000). Because faults and folds have the potential to 
become traps for hydrocarbon accumulation, hydrocarbon migration can easily occur in 
permeable rock such as porous sandstone. The existence of deformation bands and their 
effects on fluid flow are of great importance. According to petrophysical studies 
(Pittman, 1981; Jamison & Stearns, 1982; Harper & Moftah, 1985; Knott, 1993; 
Antonellini & Aydin, 1994; Gibson, 1994, 1998; Knipe et al., 1997; Crawford, 1998; 
Antonellini et al., 1999; Fisher & Knipe, 2001; Jourde et al., 2002; Shipton et al., 2002), 
the majority types of deformation bands, such as cataclastic bands, have low 
permeabilities and low porosities, which may reduce fluid transportation in the 
subsurface. However, there are other deformation bands, such as disaggregation bands, 
that exhibit permeability and porosity increases and enhances fluid flow (Parry et al., 
2004; Sample et al., 2006).  
In addition, joints have been found to exist in cataclastic bands and terminate at 
boundaries between deformation bands and surrounding sandstone (Tindall & Davis, 
2003; Tindall, 2006). Cataclastic bands show extremely low permeability and porosity 
and are thought to restrict fluid flow (Fossen et al., 2007; Torabi & Fossen, 2009). Joints 
are able to conduct fluid flow (Morin et al., 1997; Fetter, 2001; McCaffrey et al., 2003; 
Garcia & Davis, 2004; Gale & Gomez, 2007). Thus, whether or not jointed cataclastic 
deformation bands restrict fluid flow is a topic of debate. However, various factors may 
control fluid flow through jointed deformation bands. Joint aperture plays an important 
role in conducting fluid from fractures (Witherspoon et al., 1979, 1980; Renshaw, 1995; 
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Lorenz et al., 1996). Previous studies (Tindall, 2014) have proposed that the volumetric 
flow rate through a single jointed deformation band can be equal to, or exceed, the 
discharge flow rate through an equivalent volume of sandstone. The thickness variations 
of deformation bands have an effect on fluid flow (Rotevatn et al., 2013), and the 
orientation of the deformation bands influences the condition for joint initiation (Tindall 
& Eckert, 2015). In this study, numerical simulation is used to perform a sensitivity 
analysis in order to evaluate the effect of several control factors on fluid flow through 
jointed deformation bands. 
 
1.2. LITERUATURE REVIEW 
This section summarizes the knowledge about non-jointed and jointed 
deformation bands. 
1.2.1. Deformation Bands. Deformation bands represent tabular, thin structures 
forming at the onset of strain localization in porous rock (Rudnicki & Rice, 1975; Aydin, 
1978; Aydin & Johnson, 1983; Antonellini & Aydin, 1994; Fossen & Hesthammer, 1997; 
Fossen & Hesthammer, 1998; Davis, 1999; Besuelle, 2001 a; Rudnicki, 2002; Olsson et 
al., 2002; Schultz & Siddharthan, 2005; Aydin et al., 2006; Fossen et al., 2007) (Figure 
1.1). They deviate from regular fractures because they are not associated with slip 
surfaces and tend to increase cohesion, which causes them to exhibit high stiffness 
(Sternlof et al., 2005; Fossen et al., 2007). Furthermore, they often represent reduced 
porosity and permeability (Antonellini et al., 1994; Fossen et al., 2007). The term 
deformation band was first proposed by Aydin (1978). According to field observations at 
Arches National Park, Utah (Antonellini et al., 1994), deformation bands have low 
displacement offsets ranging from millimeters to centimeters and can range in thickness 
from a few millimeters to centimeters, and can range in length from centimeters to tens of 
meters (Aydin & Johnson, 1983; Antonellini et al., 1994). Although deformation bands 
are planar structures, they also shape in segments and are linked by some irregularity 
characteristics such as eye and ramp structures (Antonellini et al., 1994) (Figure 1.2). The 
grain characteristics of deformation bands include grain breakage and reduced porosity 
reduction with respect to the host rock, which are caused by cataclasis involving grain 




Figure 1.1. (a) Red arrows mark the deformation bands. The lens-cap is for scale. (b) A 




Figure 1.2. Outcrop map of deformation bands from Arches National Park. (a) Eye 
structure where two segments are almost parallel, (b) Ramp structure where segments are 
offset from one another. (Figure from Antonellini et al., 1994). 
 
 Field and laboratory observations showed that most deformation bands exhibit a 
reduction in porosity reduction except for some deformation bands associated with 




Figure 1.3.Two kinds of deformation bands in the same layer of the Nubian Sandstone, 
Tayiba Red Beds, Sinai. (a) Disaggregation band where the porosity is higher than host 
rock, (b) Cataclastic band shows pore space collapse, (Figure from Fossen et al., 2007). 
 
Most deformation bands are shear bands, and they start from simple shear and 
range from compactional to dilational, which are caused by grain reorganization, 
cataclasis and dissolution (Anttonellini & Aydin, 1994; Antonelli et al., 1994; Mollema 
& Antonellini, 1996; Cashman & Cashman, 2000; Du Bernard et al., 2002; Fossen et al., 
2007) (Figure 1.4). According to the dominant mechanism, deformation bands can be 
classified into disaggregation bands, cataclastic bands, phyllosilicate bands, and solution 
and cementation bands (Antonelli et al., 1994; Gibson, 1994; Rawling & Goodwin, 2003; 
Fossen et al., 2007). Disaggregation bands are formed at shallow depths or under low 
effective stress conditions by granular flow including grain rolling, grain boundary 
sliding, and breaking of grain bonding cements (Twiss & Mooress, 1992). Cataclastic 
bands are formed at deeper depths by grain crushing or cataclasis (Antonellini & Aydin, 
1994), which result in an extreme reduction in porosity and permeability. Phyllosilicate 
bands are also formed by granular flow in sandstones that contain more than 10-15% 
phyllosilicate (Knipe et al., 1997). They are considered a particular type of 
disaggregation band for which clay is the dominant mineral causing grain sliding 
(Gibson, 1998). Solution and cementation bands may occur at shallow depths dominated 




Figure 1.4. Kinematic classification of deformation bands (Figure from Fossen et al., 
2007). 
 
The petrophysical properties of deformation bands have been studied for many 
years, particularly for permeability and porous reduction (Pitman, 1981; Jamison & 
Streans, 1982; Antonellini & Aydin, 1994; Knipe et al., 1997; Gibson, 1998; Fisher & 
Knipe, 2001; Ogilvie & Glover, 2001; Shipton et al., 2002; Sternlof et al., 2004; Fossen 
et al., 2007).   Much attention has been devoted to cataclastic bands because they exhibit 
an extreme reduction in permeability and porosity. Individual cataclastic bands in Utah 
tend to reduce the porosity by one order of magnitude and the permeability by three 
orders of magnitude (Antonellini & Aydin, 1994) and, locally, as much as six orders of 
magnitude with respect to the host rock (Pittman, 1981; Jamison & Stearns, 1982; Harper 
& Moftah, 1985; Knott, 1993; Antonellini & Aydin, 1994; Gibson, 1994,1998; Knipe et 
al., 1997; Crawford, 1998; Antonellini et al., 1999; Fisher & Knipe, 2001; Jourde et al., 
2002; Shipton et al., 2002). Laboratory studies show that the permeabilities of cataclastic 
deformation bands are around two orders of magnitudes less than the host rock (Holcomb 
& Olsson, 2003).  
Cataclastic deformation bands are formed by grain crushing (Antonellini & 
Aydin, 1994). They are associated with large-scale structures such as faults, folds and 
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igneous intrusions (Aydin, 1978; Aydin & Johnson, 1978; Jamison & Stearns, 1982; 
Jackson and Pollard, 1990; Davis, 1999). As a result of the distinct reduction in 
permeability and porosity, cataclastic deformation bands are considered to have great 
potential to restrict fluid flow (Fossen & Bale, 2007).  However, the quantitative effect of 
cataclastic deformation bands on fluid flow is still unclear. For single phase flow, 
numerical studies have proven that the number and the permeability of deformation bands 
play an important role in affecting fluid flow (Matthai et al., 1998; Walsh et al., 1998).  
Also, the complex geometry of deformation shear zones has shown a reduction in 
productivity in some oil wells (Harper & Moftah, 1984). For two-phase flow, capillary 
pressure is the key factor. Some predictions have been made based on calculations that 
deformation bands cannot hold a 20m column of hydrocarbon (Harper & Lundin, 1997) 
or may hold a 75m column of hydrocarbon (Gibson, 1998).  No matter whether the flow 
is single phase or two phases, there are other factors that may affect fluid flow: 
 The limited continuity of deformation bands in three-dimensional undermine their 
ability to restrict fluid flow (Fossen & Bale, 2007; Fossen et al., 2007). The 
presence and orientation of deformation bands and clusters may change the flow 
pattern and conduct fluid flow (Sigda et al., 1999). 
 According to mathematical calculations, permeability contrast must be very high 
(k/kDB>10
4
) before restricting fluid flow (Fossen & Bale, 2007).  
 Thickness variations are observed along single deformation bands. A previous 
study by Rotevatn (2013) indicated that thickness changes have a minor effect on 
fluid flow and effective permeability. 
 The influence of spatial distribution and orientation of deformation bands on fluid 
flow has not been tested. 
However, it is not claimed that deformation bands cannot have any influence on 
fluid flow. Deformation bands may have an effect on the flow pattern in some reservoirs, 
and they undermine sweep efficiency during injection and production (Manzocchi et al., 
1998). Cataclastic deformation bands are preferentially oriented with respect to the stress 
field (Davis, 1999; Besuelle, 2001). This finding can predict the orientation of 
underground cataclastic deformation bands (Davis, 1999). Thus, deformation bands that 
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strike more or less strike parallel to the associated faults may affect the fluid flow (Fossen 
& Bale, 2007). 
1.2.2. Joints in Deformation Bands.  Joints have been found to exist in 
deformation bands in the Navajo Sandstone along the Kaibab uplift in southern Utah 
(Tindall & Davis, 2003). Joints are mode 1 fractures. When rocks become high in 
cohesion and low in porosity, such as deformation bands, crack propagation occurs 
during deformation and then joints form (Fossen, 2010). In addition, opening mode 
fractures are likely to form during uplifting, and cataclastic deformation bands form in 
deeper depths and are finally uplifted (Fossen, 2010). Therefore, joints crosscutting 
deformation bands can easily be found in outcrops (Figure 1.5). 
 
Figure 1.5. Joints crosscutting a deformation band. Black arrows indicate joints. The 
pencil is 15cm long (Tindall, 2014). 
 
Based on the observations made by Tindall and Davis (2003), joints terminate at 
the boundaries of deformation bands and are perpendicular to the deformation bands. 
Joint spacing is associated with deformation band thickness. Joint spacing measures the 
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perpendicular distance between two adjacent joint walls. Previous studies indicate that 
joint spacing has a linear relationship with deformation band thickness (e.g., Price, 1996; 
Ladeira & Price, 1981; Huang & Angelier, 1989; Narr & Suppe, 1991; Bai & Pollard, 
2000). Field data gathered by Tindall and Davis (2003) show a linear relationship that 
can be seen in Figure 1.6. exists for 427 joints within the deformation bands. Figure 1.6a 
shows that the increase of deformation band thickness accompanies the increase of joint 
spacing. However, the linear relationship is unclear because most of the collected data is 
concentrated near the origin. In order to stretch and disperse the data, the same data in 
Figure 1.6a was plotted in log-log scale in Figure 1.6b. In Figure 1.6b, the linear 
relationship between joint spacing and deformation band thickness is clearer, but the data 
variation is still large. Narr and Suppe (1991) suggested using median joint spacing 
instead of joint spacing. A joint can form closer to or farther from the adjacent joint 
rather than distributing evenly in a homogeneous material. This phenomenon may be 
caused by weakness of the mechanical layer at the boundaries. Thus, it is better to use an 
average joint spacing. In Figure 1.6c, the 16 datasets are plotted using log-log scale. The 
fitted line exhibits a strong linear trend with a coefficient regression equal to 0.96.  
Some parameters are defined to express the relationship between joint spacing 
and deformation band thickness. The K value is the ratio of median joint spacing to 
deformation band thickness. It is the slope of the regression line on the plot of mechanical 
layer thickness versus median joint spacing (Ladeira & Price, 1981; Ji & Saruwatari, 
1998). The fracture spacing index (FSI) is also used to express the slope of the regression 
line on the plot of mechanical layer thickness vs. fracture spacing. It is the inverse of the 
K value (Narr & Suppe, 1991; Ruf & Engelder, 1998). In addition, Gross and Eyal (1999) 
and Eyal et al. (1999) used the fracture spacing ratio (FSR). It is the ratio of fracture 
spacing to single mechanical layer thickness. From experimental works, including 
numerical models and field observations, the range of K was determined to be from 0.1 
up to 10.  
1.2.3. Fluid Flow through Jointed Deformation Bands.  Joints provide a 
pathway for fluid transport in the subsurface (Morin et al., 1997; Fetter, 2001; McCaffrey 
et al., 2003; Garcia & Davis, 2004; Gale & Gomez, 2007). Various studies have proposed 
that joint aperture plays an important role in conducting fluid, even in a high confining 
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stress environment (Witherspoon et al., 1979, 1980; Renshaw, 1995; Lorenz et al., 1996).  
In order to investigate the potential factors that have an influence on fluid flow through a 
jointed deformation band and whether a joined deformation band restricts fluid flow or 
not, Tindall (2014) performed simple calculations to compare volumetric flow rate (Qa) 
through a given volume of jointed deformation bands with a discharge flow rate (Qs) 
through the equivalent volume of sandstone. For these two situations, the fluid flows 
through the same cross-section. Additionally, the prerequisite was that the underground 
environment, pressure gradient and fluid properties were constant. 
For the calculations, deformation bands were assumed to represent tabular shear 
zones and extend laterally. Deformation bands and the sandstone matrix also had 
continuous distances along the y and z directions. The cube (Figure 1.7) was designed 
with a given length, width, and thickness to represent a single deformation band and 
sandstone.  In Figure 1.7c, the K value is equal to 1.0. That means, for example, a 1cm 
thick deformation band would have 10 joints, and the length would approximate 10 cm.  
Figure 1.7d shows the same volume of sandstone. 
 
Figure 1.6. (a) A graph of the deformation band shear zone (DBSZ) thickness versus joint 
spacing for 427 joints within the deformation band shear zone. (b) Log-log scale graph of 
the deformation band shear zone (DBSZ) thickness versus joint spacing for thickness 
versus joint spacing for the same data in (a). (c) Log-log scale graph of the deformation 





1.2.3.1. Fluid flow through the joint.  The cubic law (Boussinesq, 1868) is used 
to calculate the volumetric flow rate through a fracture with smooth and parallel walls. 
Experimental works have modified the cubic law and resulted in an equation by 
accounting for the fracture wall’s roughness and the fracture aperture variation 














w                                                 (1) 
where Qa is the volumetric flow rate through the fracture, in m
3 s⁄ ; ar is the hydraculic 
aperture, in m; L and w are length and width respectively in meters; ρ is fluid density, in 
kg m3⁄ ; μ is dynamic viscosity, in pa ∙ s; g is gravitational acceleration, in m s
2⁄  ;dh dL⁄  
is hydraulic gradient from one end of the fracture to the other end, in pa m⁄ ; σB is taken 
to account for the fracture surface roughness, which ranges from 0.1 (smooth wall) to 
2.15 (rough wall) for natural fractures (Patir & Cheng, 1978; Witherspoon et al., 1980; 
Engelder & Scholz, 1981; Raven & Gale, 1985; Schrauf & Evans, 1986; Brown, 1987; 
Tindall, 2014). It is acquired from the statistical variance of the log values of the aperture 
(Tsang & Tsang, 1990; Renshaw, 1995). In Tindall’s (2014) paper, the length, width, and 
thickness of the jointed deformation band and sandstone geometry are assigned values of 
10cm, 1cm, and 1cm, respectively. Fluid is assumed to be water, the density and dynamic 
viscosity are 1000 kg m3⁄  and 0.001 Pa ∙ s  respectively. The hydraulic gradient is 
designated by a value of 0.1. The cataclastic deformation bands usually contain multiple 
zones when the thickness is greater than 1cm. Thus, a 1 cm thick deformation band is 
likely to occur in a reservoir. Although the permeability of cataclastic deformation bands 
can be one to six orders less than their host sandstone (Ballas et al., 2012), Tindall’s 
(2014) calculations aim to acquire a volumetric flow rate through joints. Thus, the 
deformation band in this paper is assumed to be impermeable. In addition, for natural 
fractures, the hydraulic aperture does not exceed 10−5m , even under normal stress 
(Renshaw, 1995). Thus, fracture apertures that are smaller than 5-10  μm  are not 
considered in Tindall’s (2014) study. 
In Figure 1.8, the volumetric flow rate exhibits a linear relationship with the joint 
aperture ranging from 1mm to 1 μm under the condition that the hydraulic gradient, fluid 
density, and viscosity are constant. The solid and dashed black lines represent the 
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volumetric flow rate along the x direction (Qax) through a joint with rough and smooth 
walls. The solid gray line shows the discharge flow rate (Qs) through homogeneous 
sandstone with various permeabilities. The shaded areas show the total volumetric flow 
rate through all joints with rough and smooth joint walls. 
 
Figure 1.7. (a) Conceptual diagram of a segment of a jointed deformation band in 
sandstone. (b) Volumetric flow rate (Qa) through the single joint within the deformation 
band.(c) A deformation segment with ten joints that is 10cm long and 1cm wide.(d) 
Dishcharge flow rate (Qs) through the same volume of porous sandstone (Tindall, 2014). 
 
 
Figure 1.8. Solid and dashed black lines show the volumetric flow rate (Qax) through a 
joint with rough (solid line) and smooth (dashed line) walls and a varied aperture. The 
shaded area shows the summed volumetric flow rate (Qa) of ten joints. The solid gray 




1.2.3.2. Fluid flow through porous sandstone.  1D Darcy’s Law can be used to 






                                                                (2) 
where Qs is discharge flow rate, m
3 s⁄ ; A is the cross area where the fluid transfers; k is 
the permeability of porous medium, m2; μ is the dynamic viscosity, pa ∙ s; Pb and Pa are 
pressure from one end to the other end of the porous media with Pb being larger than Pa, 
pa; L is the distance for fluid transmission by pressure difference of Pb and Pa, m. In 
order to compare Qs  of homogeneous sandstone with Qa of a single jointed deformation 
band, the pressure gradient (Pb − Pa) L⁄  is assigned a value of 0.1 where L is 10cm. The 
cross area of A is the same as that of the jointed deformation band and equal to 
10cm×1cm.  The assumed fluid is water, and the viscosity remains 0.001 pa ∙ s. 
The permeability of sandstone can vary from 0.01 to 10,000 md (de Marsily, 
1986; Gueguen & Palciauskas, 1994). The permeabilities of measured Jurassic Navajo 
Sandstone on Colorado Plateau can be 70md and 122 md (Shipton et al., 2002; Carney et 
al., 2007), and the permeabilities that were measured for Jurassic Entrada Sandstone near 
Moab, Utah, range from 600 to 5000 md (Antonellini & Aydin, 1995). In Tindall’s 
(2014) study, the permeabilities of Equation 2 were assigned values of 1md to 10,000md 
to calculate the discharge flow rates from minimum to maximum values through the same 
volume (10cm×1cm×1cm) of the porous sandstone. In Figure 1.8, the solid gray line 
shows the Qs  increases from a minimum value of 10
−16 m3 s⁄  up to a maximum value of 
10−12 m3 s⁄  for unfractured homogeneous porous sandstone. 
Based on Tindall’s (2014) results, the volumetric flow rate through the given 
volume (10cm×1cm×1cm) of a single jointed deformation band is equal to or greater than 
the discharge flow rate through the same volume of porous sandstone. Therefore, jointed 
deformation bands may not restrict fluid flow.  
1.2.4. Limitations of Previous Studies.  Although extensive knowledge has been 
gained by previous studies, there are still some limitations.  
 Tindall’s (2014) study accounts for fluid flow through a single jointed 
deformation band but does not consider that a system in which the single jointed 
deformation band is embedded in a porous sandstone (Figure 1.7a).The simple 
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analytical calculations are not enough to characterize the complicated material 
properties, geometries, and boundary conditions. Therefore, a numerical method 
needs to be applied to analyze the problem. 
 Joint propagation is mainly determined by a contrast in the layers stiffness (Cook 
& Erdogan, 1972; Helgeson & Aydin, 1991; Reches, 1998; Bourne, 2003). Other 
factors such as layer thickness, strain degree, the elastic properties of stronger and 
weaker layers, and the persistence of extension over time can also affect the 
distance between two adjacent joints (Hobbs, 1967; Ji & Saruwatari, 1998; Bai & 
Pollard, 2000; Bourne, 2003). Therefore, different joint spacings (K value) should 
be considered in future studies.   
 Observations from the Oak Creek Canyon on the Waterpocket Fold (Tindall & 
Eckert, 2015) have shown that most cataclastic deformation bands are not 
horizontal or vertical; they are oblique to sedimentary layers. Joint orientation is 
also influenced by the stress reorientation that results from mechanical stiffness 
contrast (Bell, 1996). With respect to stress reorientation, the relationship between 
the deformation band and joint orientation has been confirmed by Tindall & 
Eckert (2015) using numerical models. Therefore, the influence of the 
deformation band and joint orientations on fluid flow needs to be verified. 
 
1.3. PURPOSES 
Although many different aspects of deformation bands and jointed deformation 
bands have been studied, a more detailed study on which parameters control fluid flow 
through jointed deformation bands is necessary. 2D Finite Element Analysis (FEA) is 
used to simulate fluid flow through jointed deformation bands. Various 2D FEA 
numerical models were set up in order to perform various sensitivity analyses. In this 
study, the volumetric flow rate ( Qax ) is the primary parameter which is used to 
characterize the fluid flow condition through jointed deformation bands. The first purpose 
of this study is to provide insight into the influence of controlling factors including joint 
aperture, joint spacing, thickness of deformation bands and orientations of joints and 
deformation bands on total volumetric flow rate (Qax) through jointed deformation bands. 
Previous study has shown that the array of deformation bands and their configuration and 
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connectivity may have the ability to restrict the fluid flow (Rotevatn et al., 2013; 
Schueller et al., 2013).Thus, the second purpose of this study is to evaluate the impact of 
spatial distribution of deformation bands on the total volumetric flow rate (Qax). The 
main purpose of the study is to address whether or not deformation bands behave as fluid 
flow barriers and the significant role of joints in conducting fluid. 
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2. THEORETICAL BACKGROUND 
2.1. ROCK PROPERTIES 
The properties of reservoir rock strongly influence fluid flow in porous media. In 
this section, basic reservoir rock properties are introduced, which are assumed to be 
independent of fluid content. 
2.1.1. Rock Density. Rock density is defined as the mass of the rock divided by 
its volume. Since porous media may be partially or fully saturated with fluids, several 
types of density are commonly used for rock description. Bulk density (ρb) is defined as 




                                                                 (3) 
Dry density (𝜌𝑑) is defined as the density of the rock without any fluid occupied 
at the same volume. The dry and bulk density can be linked by using pore fluid density 
(𝜌𝑓) and porosity (𝜑). The relationship is given as (Chapman, 1983): 
ρb = (1 − φ)ρd + φρf                                                   (4) 
2.1.2. Porosity. Porosity measures the pore spaces in a rock. It is defined as the 




                                                               (5) 
Void ratio (e) is another way to express the pore spaces in a rock. It is the ratio of 




                                                            (6) 
Void ratio and porosity are mutually related and the relationship can be derived 
















                                  (7) 
Not all pore spaces make contribution to fluid flow. Many pore spaces are 
interconnected, whereas some pore spaces are isolated. When porosity is defined as the 
ratio of interconnected void space to the total volume of rock under the condition that 
fluid is saturated, the porosity is called effective porosity. The effective porosity is 
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commonly used to measure the ability of rock to store fluid and ranges from 5% to 30% 
in petroleum reservoirs (Tiab & Donaldson, 2012). 
2.1.3. Permeability.  Permeability is a measure of the ability of a porous media to 
conduct fluid flow through it. If rock is fully saturated with only one fluid, the 
permeability is known as absolute permeability; if considering multiphase flow in porous 
media, the permeability of one phase is called effective permeability. Relative 
permeability of a phase is the ratio of the effective permeability of that phase to the 
absolute permeability. Darcy’s law describes the fluid flow through porous media and the 




∇(p − ρg)                                                              (8) 
where q⃗⃗ is defined as the seepage velocity or Darcy velocity, in m s⁄  and is proportional 
to hydraulic gradient; k is the permeability of porous medium, in m2; μ is the dynamic 
viscosity, in pa ∙ s. 
Another parameter which describes the ease with which a fluid can flow through 
pore spaces or fracture is called hydraulic conductivity (K). The relationship between 




                                                                     (9) 
where g is the gravity acceleration, m s2⁄ ; ρf is fluid density.  
 
2.2. CONCEPTS OF FLUID FLOW AND POROUS MEDIUM 
Fluid flow in different kind of mediums will obey different regulations. This 
section introduces the law of fluid flow in porous media and fractures and also gives an 
introduction about more complicated porous media which consist of the rock matrix and 
fractures. 
2.2.1. Darcy’s Law. Due to permeation resistance, the occurrence of energy loss 
usually accompanies water seepage when ground water infiltrates the soil. In order to 
investigate the permeating law of water infiltration in the soil, Darcy (1856) formulated 
the relationship between energy loss and seepage velocity based on the results of 
experiments on water flow through beds of sand. This relationship is termed as Darcy’s 
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law which is given by Equation (8). The permeabilities of different kinds of rocks are list 
in Table (2.1). 


























































































































a-de Marsily (1986) b-Gueguen and Palciauskas (1994) 
 
The characteristics of Darcy’s law are summarized as followed 
 Darcy’s law is the basic law of fluid seepage. 
 Darcy’s law is applicable for single phase and multiple phases flow. 
 Darcy’s law is suitable for fluid flow through loose sand columns, consolidated 
sandstone and other porous media. 
Not all fluid flow through porous media obeys Darcy’s law. The majority of 
experiments show that when the fluid seepage velocity is small, the pressure drop along 
the flow path is proportional to the flow rate. The fluid seepage in this condition can be 
viewed as laminar flow where flow lines are mutually parallel which is appropriate for 
Darcy’s law. However, when the pressure gradient is high enough, the fluid velocity is 
increased, the fluid seepage will be transited to an irregular form—turbulent flow. 
2.2.2. Cubic Law.  Fluid flow through rock fractures commonly occurs. Darcy’s 
law is used to describe laminar flow at low velocity. Based on the assumption that 
Darcy’s law is valid for laminar flow, the cubic law, also termed parallel plates law 
(Boussinesq, 1868; Lomize, 1951;Snow, 1965) was derived by assuming the fracture as 
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two smooth parallel plates (Figure 2.1) where volumetric flow rate (Q) has a linear 
relationship with the cube of the hydraulic aperture given by 
Q = Ce3∇h                                                            (10) 










for linear and radial flow in which 𝑤 is the fracture width, 𝑟𝑒 is the outer radius from the 
center of wellbore to an elememt which is located at the reservoir, and 𝑟𝑤 is wellbore 
radius respectively. Lomize (1951) proved that the cubic law is appropriate for laminar 
flow. However, ideal fractures do not exist. The real rock fractures have rough walls and 
the fracture aperture various along the fracture length. Many researchers modified and 
examined Equation (9) and the revised cubic law is obtained by solving Navier-Stokes 
equations (Lomize, 1961; Snow, 1965; Louis, 1969; Krantz et al., 1979; Tsang and 
Witherspoon 1981) and considering effect of fracture roughness (Tsang and Tsang, 1990; 














w                                            (1) 
2.2.3. Dual Porosity and Dual Permeability.  If a reservoir is characterized by 
fractures and matrix, and both of the fracture and matrix not only have capacity to store 
fluid but also provide a way for fluid flow, this distinct characteristic is termed as a dual 
porosity and dual permeability medium (Warren & Root, 1963). In general, the volume 
occupied by fractures is usually smaller than the matrix volume. Thus, fracture porosity is 
smaller than matrix porosity. Since the ability of fractures to conduct fluid is higher than 
for the matrix, fracture permeability is larger than matrix permeability. The dislocation of 
fluid flow capacity and fluid feeding capacity is the fundamental property of dual 
porosity and dual permeability medium. Due to the significant difference of the physical 
parameters (porosity and permeability, etc.) in a dual porosity and dual permeability 
medium and the disorganized distribution of fracture and rock matrix, conventional 
mathematic methods cannot describe fluid flow in this system. Based on the theory of 
fluid flow in fractured porous media (Barrenblatt et al., 1960), several models are 





 Warren-Root Model 
Warren and Root (1963) proposed a dual porosity and dual permeability model 
where the matrix is uniformly crosscut by orthogonal fractures of the same width, 
resulting in numerous small blocks (Figure 2.2). Fracture distribution can be uniform or 
non-uniform. For non-uniform fracture networks, anisotropic properties or variation of 
fractures along a certain direction can be studied. 
 Kazemi Model 
Kazemi et al.(1979) were the first to introduce dual porosity conception to 
numerical simulation of fluid flow in a large scale. The matrix is layered split by a group 
of parallel bedding fractures. The model consists of horizontal parallel fractures, which 
alternate with horizontal parallel matrix layers (Figure 2.3).  
 De Swaan Model 
The De Swaan model (De Swaan, 1978) is similar to the Warren- Root model 
except that the matrix is assumed as spherical blocks (Figure 2.4). The spheres are 
orthogonaly arranged. Fractures in this model are the void space between spheres. 
 
Figure 2.1.  Fluid flow (Q) between parallel plates with apertures (e), plate length (L) and 





Figure 2.2. Idealization of the heterogeneous porous medium created by 
Warrant & Root (1963). 
 
 
Figure 2.3. Idealization of the heterogeneous porous medium created by  
Kazemi et al. (1979). 
 
 
Figure 2.4. Idealization of the heterogeneous porous medium created by  
De Swaan (1978). 
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A dual porosity reservoir is more complicated than a homogeneous formation. 
From a fluid seepage perspective, only two parameters can describe the basic difference 
between homogeneous and dual porosity formation. They are storativity ratio and 
interporosity flow coefficient. 
The storativity ratio is defined as the fraction of the whole system volume 
associated with one of the porosities in given Equation (10). Generally, the storativity 




                                                           (11) 
where φf  and φm  are porosity of fracture and matrix;  Cf  and Cm  compressibility of 
fracture and matrix 
In a dual porosity reservoir, most hydrocarbons are stored in the matrix, only a 
limited part of hydrocarbons stays in the fracture. Thus, the fracture system can be view 
as a “pathway” for fluid flow and the matrix can be treated as a “storage”. When ω 
becomes smaller, the percentage of hydrocarbon reserve in the matrix will become larger. 
In other words, there are more hydrocarbons in “storage” which is the basic situation for 
high and stable production. The value of ω is usually in the range of 0.01 to 0.1 (Lee & 
Wattenbarger, 1996). 
Fluid exchange occurs between fracture and matrix which constitute the dual 
porosity reservoir. The interporosity flow coefficient reflects the ability of fluid in matrix 
flow to fracture. It is defined as the ratio of the permeability of the matrix to that of the 
fractures: 
λ = α ∙ rw
2 km
kf
                                                           (12) 
where 𝑘𝑚 is the permeability of matrix, 𝑘𝑓 is the permeability of fractures, and 𝛼 is the 
parameter characteristic of the system geometry. It accounts for the shape of the matrix 
block. 𝑟𝑤 is wellbore radius. 
The interporosity coefficient flow is the function of the ratio of 𝑘𝑚 to 𝑘𝑓 and the 
geometry of matrix blocks. The value of 𝜆 reflects the connectivity of matrix and fracture 
system. If 𝜆  is extreme small, even hydrocarbon in matrix system is abundant (𝜔  is 
small), it is hardly for fluid flow into fracture system. The value of 𝜆  is in the range of 
10−8 to 10−4(Lee & Wattenbarger, 1996). 
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2.2.4. Effective Permeability.  It is rare to encounter a homogeneous reservoir in 
nature. Most of the reservoir properties are anisotropic. Among of them, the absolute 
permeability for a certain reservoir system is the most difficult parameter to be obtained 
because the permeability is strongly influenced by various factors and the permeability of 
reservoir rock in nature is directional (Satter et al., 2008). No matter from the perspective 
of larger or small scale, heterogeneity always exists. Therefore, permeabilities which are 
measured from laboratory need to be averaged in order to characterize the whole 
reservoir.  
There are three methods to determine an appropriate average permeability to 
represent an equivalent homogeneous system (Satter et al., 2008). According to the 
spatial distribution of rock bedding plane, these three methods are classified as (1) 
weighted-average permeability; (2) harmonic-average permeability; (3) geometric-
average permeability.  
 Weighted-average permeability 
The weighted-average permeability method (Satter et al., 2008) is applied to 
determine the average permeability of horizontally layered-parallel beds with different 
permeabilities. In Figure 2.5, the whole flow system is comprised of three parallel layers, 
which has fluid flow only along the x direction. All the layers have a cross-sectional area 
of A with the same width. 
 
            Figure 2.5. Linear flow through layered beds (Satter et al., 2008). 
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The volumetric flow rates through layer 1 (top) to layer 3 (bottom) can be 
calculated by applying 1D Darcy’s law given in Equation (2). 
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The total volumetric flow rate from the whole system is expressed as 










                                         (16) 
where Qt is the total volumetric flow rate; kavg is the average permeability for the whole 
system; 𝑤 is the width of the formation; ht is the total thickness; ∆P/∆L is the pressure 
gradient. 
 The total volumetric flow rate Qt is equal to the sum of volumetric flow rates for 
each layer: 
Qt = Q1 + Q2 + Q3                                                   (17) 
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 After simplifying 




                                                  (20) 
 In sum, the average absolute permeability for a parallel-layered system can be 








                                                         (21) 
 Harmonic-average permeability 
The harmonic-average permeability (Satter et al., 2008) is valid for permeability 
variations occurring in a lateral reservoir or proximity to a wellbore. In Figure 2.6, fluid 
flow through a group of laterally combined beds with different permeabilities is 




Figure 2.6. Flow through lateral beds (Satter et al., 2008). 
kavg =





                                                 (22) 
where re is the outer radius from the center of wellbore to an element which is located at 
the reservoir, and rw is wellbore radius. ki is the permeability of core sample i and ri is the 
distance from the center of the wellbore to the core sample i.  
 Geometric-average permeability 
Warren and Price (1961) proposed that the average permeability for the smaller-
scale samples is more accurate estimated by geometric-average permeability. The 
mathematical expression is given in Equation (23) 







]                                         (23) 
where ki is the permeability of core sample i; hi is the thickness of core sample i; n is the 
total number of samples. 
In this study, the average volumetric flow rate is calculated based on the method 
of the weighted-average permeability. The method to determine the effective joint 




3.1. NUMERICAL METHOD 
Due to the specific characteristics of geological problems, such as large-scale 
geologic structures, complex boundary conditions, time of evolution, and anisotropic 
properties of materials, obtaining a solution from partial differential equations by using 
analytical methods is often impossible. Along with the development of computational 
technology, numerical methods become popular in addressing complicated geological 
problems and provide approximate mathematical solutions for the whole geometry. The 
common numerical methods include the Finite Element Method (FEM), the Discrete 
Element Method (DEM), the Boundary Element Method (BEM), and the Finite 
Difference Method (FDM). All these methods in acquiring approximate solutions contain 
three steps showing in Figure 3.1 (1) dividing a continuous model domain (Figure 3.1a) 
into sub-domains (discretization Figure 3.1b); (2) calculating approximate solutions for 
the sub-domains by switching solving differential equations to solving algebraic 
equations at selected nodes; (3) approximating solutions for all nodes (approximation).  
The numerical method in this study is used to simulate single phase fluid flow 
through a dual porosity and dual permeability medium. The physical behavior of different 
fluids is distinguished. Generally, liquids feature a constant behavior in density and the 
study of liquids flow is referred to as incompressible flow (Ertekin et al., 2001; Ahmed & 
Meehan, 2014). On the other hand, gases are compressible and pressure and temperature 
dependent. Thus, the fluid flow involves gases are termed as compressible flow. Another 
important property of fluid is viscosity. Fluid viscosity measures the ease of the fluid 
flow as a result of an applied pressure gradient. For a gaseous fluid, it has a low 
resistance to flow because the molecules are far apart. In contrast, a dense fluid has a high 
resistance to flow because the fluid molecules are close to each other and their random 
motion also retards flow. Fluid viscosity is a function of pressure and temperature; 
however, generally, only the pressure influence is considered in isothermal reservoirs 




Figure 3.1. The general procedure of solving a numerical model. a) Continuous domain. 
b) Discretization of the model showing nodes and elements. c) Modeling results provided 
by simulator after applying boundary conditions and material properties. 
 
Water is assumed to be the only fluid in this study and the flow through porous 
media considered occurs near the surface, which is only driven by the horizontal pressure 
gradient. The mass conservation law is applied to express the fluid movement within the 
continuous medium. Mass conservation is a material balance equation for a component 
within a control volume (Figure 3.2) of the system. Since this study only considers single 
phase flow along one direction, 1D Darcy’s law is considered applicable to characterize 
the fluid flow and the governing equation is expressed in Equation (24). In this study, the 
finite element method is applied to solve the Equation (24). Finite element method (FEM) 
is a discretization method that is widely used in solving fluid dynamic problems 
(Behr&Tezduyar, 1992; Zienkiewicz et al., 2005). Comparing with other numerical 
methods such as Finite Difference Method (FDM), Finite Volume Method (FVM), and 
Spectral Element Method (SEM), the FEM has many advantages (Zienkiewicz et al., 
2005) especially in simulating fluid flow through jointed deformation bands: 
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 The discretization of complex geometries and application of complicated 
boundary conditions are efficient and accurate when using the FEM. As illustrated 
in Section 1 (Introduction), the joint aperture is thousands times smaller than the 
width of the model and the spatial distribution of the joint also enhances the 
complexity of the geometry. As a result, the FEM is needed in this study to 
characterize the complex geometry. 
 The model containing various material properties can be efficiently analyzed. The 
properties of the matrix, deformation band, and joint components of the model are 
in sharp contrast with each other. The FEM is able to process this model in a high 
speed and provide an accurate result. 
 A solution with higher accuracy can be obtained by appropriately refining the 
mesh quality and selecting the element featuring higher degree polynomials. In 
this study, the pore pressure changes drastically near the deformation band, 
especially when joints are embedded. In order to guarantee the solution accuracy, 
very fine mesh is assigned in regions with deformation bands and joints. 
 
 











                                                        (24) 
 
3.2. FININTE ELEMENT METHOD 
The finite element method (FEM) is a numerical method for providing 
approximate solutions to the governing differential equations of boundary value problems 
(Clough, 1960). A boundary value problem indicates a problem with one or more 
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dependent variables must satisfy a differential equation within a known domain and 
satisfy the specific conditions at the boundary, called boundary conditions (Hutton,2003). 
In this study, a partial differential equation (PDE) is to describe fluid flow through porous 
media with complex boundary problems and geometries. A PDE is a differential equation 
to describe a continuous physical process where the unknown function depends on 
several variables (Farlow, 1993). For the FEM, the region of interest is simplified as a 
continuous domain which is discretized into small sub-regions called finite elements. The 
inter-connected points are termed as ‘nodes’.  
Since it is unknown how the field variables (displacement and stress in the solid 
mechanics; pressure and saturation in fluid mechanics) change in the continuum, a group 
of simple functions are assumed to be able to approximately represent this change. These 
simple functions (approximation function) can be determined by the field variable values 
at nodes (Zienkiewicz et al., 2005). By solving the global equation set which contains 
simple functions at each node, the nodal values of field variables are able to be obtained. 
The general procedure of the FEM normally consists of six steps (Behr and Tezduyar, 
1992; Zienkiewicz et al., 2005): 
 The discretization of the model domain. The entire model domain is divided into 
connected elements and nodes (Figure 3.1a). A proper approximation method, 
either Galerkin method (weighted residuals) or variational approach, needs to be 
chosen. 
 Element analysis. This step involves the deduction of the stiffness matrix and the 
load vector. Based on the chosen approximation method and the given 
equilibrium conditions, the stiffness matrix K
e
 and the load vector F
e
 can be 
obtained for the element e. The equilibrium equation is shown as following: 
Keue =  Fe                                                   (25) 
where u
e
 is the nodal variable for all the nodes within the element. 
 Assemble the global equation sets. In this step, the equation set for individual 
element (local) are assembled into a whole equation set which contains all 
elements in the system (global). As a result, the equilibrium equation for the  
entire system can be established: 
Ku = F                                                       (26) 
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where K is the global stiffness matrix; F is the nodal load vector; and 𝑢 is nodal 
variable in the system. In terms of different problems, u has different physical 
meaning. For instance, u represents the nodal displacement in solid mechanics 
problems, u on behalf of the nodal pressure in fluid mechanics problems, and u is 
the nodal temperature in thermal problems. 
 Incorporate the boundary conditions. The equilibrium equation for the entire 
system can be modified and reshaped by introducing the boundary conditions. 
 Solve the equation. Various simulators are available to solve the equilibrium 
equation for the entire system. 
 Output the result and calculate other parameters. The nodal variable 𝑢  (nodal 
pressure in this study) can be provided by the simulator. Moreover, some other 
parameters (saturation, flow rate, and effective permeability) can be calculated 
based on the nodal variable 𝑢 and the given factors. 
3.3. MODEL GEOMETRY AND BOUNDARY CONDITIONS 
All numerical models presented in this study are variations of a base model which 
includes three parts: deformation band, joint and surrounding porous sandstone (Figure 
3.3). The joint is assumed to be pre-existing. Figure 3.3 shows the exemplary model 
geometry for a jointed deformation band within the porous sandstone. Because most of 
the deformation bands are discovered in exhumed outcrops, a series two dimensional 
models are used to represent the realistic deformation bands in this study (Aydin, 1978; 
Aydin & Johnson, 1983; Antonellini & Aydin, 1994; Fossen & Hesthammer, 1997; 
Fossen & Hesthammer, 1998; Davis, 1999; Besuelle, 2001 a; Olsson et al., 2002; Schultz 
& Siddharthan, 2005; Aydin et al., 2006; Fossen et al., 2007). 
It cannot claim that cataclastic deformation bands would definitely restrict fluid 
flow. The aim of this study is to test the influence of different deformation band arrays 
which do not contain joint on fluid flow and to investigate the influence of control factors 
on fluid flow through jointed deformation bands. 2D Pore pressure elements are used and 
a positive pressure gradient along the x-direction of 0.1 Pa/m is assigned. The right side 
is a drainage boundary and top and bottom sides are defined as no flow boundaries. In 
this study, the matrix, deformation band, and joint are assumed to be homogeneous and 
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joints are assumed to be evenly distributed in the deformation band. The shape of models 
representing in this study all have regular boundaries and constant cross sectional area 
and the water flooding is only along x direction. Therefore, fluid flow caters the linear 
flow. In addition, fluid flow through all models can be described as a steady state flow 
based on the assumed homogeneous component properties and incompressible fluid. 
Moreover, the model geometry is symmetrical due to the constant joint spacing. The 
model geometry can be reduced by using the block area in Figure 3.4. 
For models considering joint aperture, joint spacing, and deformation band 
thickness study, whenever each of them becomes the variable, the other two remain 
unchanged. Several models are built under this condition (Figure 3.5 and Figure 3.6). 
 
Figure 3.3. Exemplary model geometry of jointed deformation band and sandstone 
matrix. 
 
For oblique joints, the orientation of the deformation band does not change; the 
joint aperture, joint spacing, and deformation band thickness remain unchanged. Figure 
3.7 depicts oblique joints with an orientation ranging from 0 degrees to 60 degrees 
clockwise. 
For the purpose of  investigating the influence of deformation band orientations 
on fluid flow, Figure 3.8 indicates that the orientation of oblique deformation band 
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ranging from 10 degrees to 40 degrees where joints are normal to the deformation band 
with constant aperture. 
 
Figure 3.4. Study region. 
 
 




Figure 3.6. Different joint spacing of deformation bands with same joint aperture. (a), (b), 
and (c) display the jointed deformation bands with the K value equals to 0.5,1,and 2 
respectively. 
In order to determine if the spatial distribution of deformation band has any effect 
on fluid flow, Figure 3.9 and Figure 3.10 depict different deformation bands distributions 
based on field observation (Antonellini & Aydin, 1994; Antonellini, Aydin & Pollard, 
1994; Davis, 1999; Davis et al., 2000;Tindall & Davis, 2003; Tindall & Davis, 2006). 
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Figure 3.9 is designed according to the study of Tindall and Davis (2003). In their study, 
the strikes and dips of 26 deformation bands were measured in Jurassic Navajo Sandstone 
and shown on steronet projections. The 26 deformation bands can be divided into 3 
groups due to the similar strikes and dips. Figure 3.9 (a-d) shows the spatial possibilities 
of the 4 groups of deformation bands. 
 
Figure 3.7. Oblique joint scenarios tested in this study. Joint orientation ranges from 0 
degrees to 60 degrees with 30 degrees intervals. 
 
Deformation bands in Figure 3.10 form in conjugate set. The acute angle is 60 
degrees since the common value for internal friction angle is 30 degrees (Price & 
Cosgrove, 1990). This model geometry is used to test the influence of conjuage strike-
slip deformation band and evaluate the role of joint in conducting fluid flow in conjugate 
deformation bands. 
Figure 3.11 and Figure 3.12 are designed to test more cases about deformation 
bands distributions. Figure 3.11 depicts the deformation bands strike with 0, 30, and 90 




Figure 3.8. Deformation band oblique with joint scenarios tested in this study. (a) to (d) 





Figure 3.9. Spatial distributions of deformation bands tested in this study. (a) Three 
deformation bands distribute in the center with same interval distance.(b) Only one 
deformation band in the center, the other two attach the top boundary of sandstone with 
same interval distance. (c) Three deformation bands attach the top boundary of sandstone 
with same interval distance. (d) One deformation band attached the bottom boundary of 
sandstone and the other two deformation bands attached the top boundary of sandstone 









Figure 3.11. Deformation band strikes scenarios tested in this study. (a) to (c) shows the 




Figure 3.12. Deformation band lengths scenarios tested in this study. The length of 
deformation band decreases from L1 to L8 with the same reduction. 
 
3.4. MATERIAL PROPERTIES 
During fluid flow through the porous media, some rock properties such as 
porosity, permeability and compressibility play significant roles. Rock compressibility is 
related to elasticity parameters. Due to the distinct characteristic of three components in 
the studied model, the following parameters need to be defined: (1) density, (2) hydraulic 
conductivity, (3) porosity, (4) Poisson’s ratio (v), (5) Young’s Modulus (E). 
The Porosity for the three components are picked up (Table 3.1) according to the 
reference range of sedimentary rock (Table 3.2). Porosity is not related with directions 
but it also depends on the pressure due to the rock compressibility which is usually 
assumed to be constant (10−6 to 10−7 psi). 
φ = φ0[1 + cφ(p − p
0)]                                               (27) 
where  p0 is the reference pressure at which the porosity is φ0. cφ is rock compressibility 
when the rock porosity is φ. 
However, the pressure gradient defined in this study is only 0.1. The porosity 




Table 3.1. Material Properties of Deformation Band, Joint and Matrix.(b-De Marsily 
(1986); c- Freeze and Cherry (1979)). 
Properties Deformation 
Band 
































Table 3.2. Range of Porosity Values. 
 
 
3.4.1. Determine Equivalent Joint Permeability.  In order to determine the 
equivalent joint permeability, some calculations are derived (Equation 29-46). First, a 
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model (Figure 3.13) is designed which contains only one joint with smooth and parallel 
walls horizontally embedded in a single deformation band. In this model, the deformation 
band is viewed as an impermeable material and a given pressure gradient (0.1 Pa/m) acts 
on the opposite sides along the x-direction. Therefore, all the fluid is assumed to pass 
through the joint and the volumetric flow rate (Qa) can be calculated based on the cubic 
law given in Equation (1). Furthermore, if all fluid only flows through the joint, the 
amount of flow per second (Qs) can also be obtained by using Darcy’s law. Then, the 
permeability of joint is determined by equating Qa to Qs. Since rock permeability is 
related to rock particle distribution, joint permeabilities of different apertures are listed in 
Table (2.1). 
3.4.2. Validation of Modeling Approach.  In order to prove the method in 
Figure 3.11 is applicable and the study region (Figure 3.4) is appropriate to represent 
jointed deformation bands, the comparison of analytical and numerical solutions is 
necessary. Since the ABAQUS
TM 
can only output fluid velocity, both sides of the 
Equation (1) are divided by (ar*w) to calculate the resulting fluid velocity.  
 
Figure 3.13. Fluid flow through single deformation band with one joint and the same 
volume of joint. 
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Figure 3.14 depicts a 0.01m thick and 0.1m long deformation band with one joint 
embedding in the center. The pressure gradient is defined as 0.1(Tindall, 2014) acting on 
the left side in order to allow fluid flow through left to right side. 
 
 
Figure 3.14. An exemplary schematic graph to verify the calculation of joint 
permeability. 
 Joint aperture ar=10
−3𝑚 























) ∗ 0.1 = 8.216 ∗ 10−2 m s⁄                                       (28)                                                
Determine joint permeability by assuming all the fluid flow through the joint 










∗ 0.1 = 8.216 ∗ 10−2                                                           (30) 
kJ = 8.216 ∗ 10




                                                                                                              (32) 






102 m s⁄                                                                                                                                (33) 
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 Joint aperture ar=10
−4𝑚 























) ∗ 0.1 = 8.216 ∗ 10−4 m s⁄                                    (34)                     
Determine joint permeability by assuming all the fluid flow through the joint 










∗ 0.1 = 8.216 ∗ 10−2                                                            (36) 
kJ = 8.216 ∗ 10




                                                                                                              (38)  




= 80.6 m s⁄                                                             (39) 
 Joint aperture ar=10
−5𝑚 























) ∗ 0.1 = 8.216 ∗ 10−6 m s⁄                                    (40)                                    
Determine joint permeability by assuming all the fluid flow through the joint 










∗ 0.1 = 8.216 ∗ 10−2                                                           (42)                                                     
kJ = 8.216 ∗ 10




                                                                                                              (44)                                                                                                             




= 80.6 ∗ 10−2m s⁄                                                 (45) 
Figure 3.15 shows the relationship between the fluid velocities through the joint 
for various smooth walls joint apertures (blue line) obtained from the cubic law. The 
pink, yellow, and green circles indicate the fluid velocities obtained from the numerical 
models through the single jointed deformation band, where joint apertures are 1mm, 
0.1mm, and 0.01mm respectively. Figure 3.13 clearly shows that the numerical solutions 
are in perfect agreement with the analytical solutions and the method of acquiring the 
joint permeability can be verified.  
It should be noted that the simplified model setup to characterize the equivalent 
joint permeability does not consider fluid flow through the permeable sandstone matrix 
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before entering the joint. This disadvantage of Tindall’s (2014) study is addressed by the 
model setup shown in Figure 3.3. Additionally, this study tests more parameters such as 
various orientations of joint and deformation band and joint spacings and considers the 
influence of  deformation band distribution (Figure 3.5-3.12). 
 
Figure 3.15. Comparison of analytical and numerical solutions. 
This study only considers single phase flow and water is the only fluid considered 
in this model, which is an incompressible fluid. Under the assumed conditions (constant 
behavior of fluid and rock properties, constant pressure gradient, and continuous pressure 
maintenance), the fluid flow through jointed deformation bands becomes steady state 
flow as shown in Figure 3.16. Steady state flow requires that the pressures at every 
location are constant with time. In Figure 3.16, two groups of elements at different 
locations in the model are selected to exhibit the relationship between pressure and time. 
The first group of elements passes through the matrix and deformation band (data point 1 
to 11 in Figure 3.16, and the second group of elements passes through the matrix and 
joint (data point 1-1 to 11-1 in Figure 3.16). 
Figure 3.17 shows the relationship between pressure and time. Figure 3.17(a) 
indicates the group of elements passing through the matrix and deformation band and 
Figure 3.17(b) indicates the other group of elements passing through the matrix and joint. 
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Since the initial pore pressure is defined as 0.0001Pa, the pore pressure of each element 
in the Figure 3.17 initially increases after water flooding from left to right. Then the pore 
pressure of each element becomes constant with time and the steady state flow is reached. 
3.4.3. Calculation of the Average Permeability.  In order to determine an 
effective permeability for the composite model system, the average volumetric flow rate 
at the left hand side of the model is calculated. Since ABAQUSTM can only output the 
fluid velocity, the total volumetric flow rate is calculated based on the method of the 
weighted-average permeability due to the parallel-layered elements in this study. In 
Figure 3.18, the blue part indicates porous sandstone matrix, the green part indicates the 
deformation band, and the red part indicates the joint that is a pathway for fluid flow. The 
purple part has the same properties as the blue part. It is used for calculating an average 
volumetric flow rate only for the horizontal direction. 
First, the total volumetric flow rate of this model is the sum of volumetric flow 
rate of each element and given in Equation (28). Furthermore, the permeabilities of each 
element are the same. The average permeability is equal to the permeability of each 
element. 
Qt = Q1 + Q2 + Q3 + ⋯ + Q10                                              (46) 
qtAt = q1A1 + q2A2 + q3A3 + ⋯ q10A10                                   (47) 
qtwht = q1wh1 + q2wh2 + q3wh3 + ⋯ q10wh10                          (48) 
Dividing by w for both sides gives 
qtht = q1h1 + q2h2 + q3h3 + ⋯ q10h10                                   (49) 
Thus, the average fluid velocity for the researched model in this study is acquired 








                                                          (50) 




                                                        (51) 
The flow vectors of non-jointed and jointed deformation bands are shown in 
Figure 3.19. For non-joined deformation band (Figure 3.19 a), the flow vectors are 
parallel to each other, it is in agreement with 1D linear flow assumption. For jointed 
deformation band (Figure 3.19 b), the flow vectors converge and disperse when the fluid 
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flow in and flow out the joint. Thus, the fluid flow through jointed deformation band is in 
agreement with 2D flow. In this study, the average permeability (kavg) calculated by 
Equation (51) is used to be an indicator to exhibit the influence of deformation band on 
fluid flow. 
 
Figure 3.16. Pore pressure evolution. 
 
 
Figure 3.17. (a) A graph of the pore pressure versus time of four elements passing 
through matrix and deformation band. (b) A graph of the pore pressure versus time of 












4.1. INFLUENCE OF DEFORMATION BAND ARRAYS 
As previously reported by Sternlof et al. (2004), the deformation band patterns 
can reduce the whole permeability by as much as two orders of magnitudes. In order to 
evaluate the impact of deformation band arrays on fluid flow, the following modeling 
results illustrate that the influence of different deformation band patterns with respect to 
different permeability contrasts and compare the average volumetric flow rate of the 
system with different deformation band patterns and the system with only one 
deformation band. 
This section mainly uses the flow efficiency kavg/k and ∆kavg/k to show how the 
average permeability changes with respect to variations of the model parameters 
considered (Table 4.1). K is kept constant. A higher value of kavg/k indicates a high 
average permeability through the system. A higher ∆kavg/k means joints in the 
deformation band have more positive influence on the fluid flow. A value of 1 means the 
average permeability through the system is equal to the flow through an equivalent 
permeability sandstone matrix. In addition, Table 4.2 and 4.3 list all the model variations 
considered in this study. 
Table 4.1. Parameters Used in This Section. 




k Permeability of homogeneous sandstone k/kDB 
(Permeability contrast) kDB Permeability of deformation band 
∆kavg/k kavg/k(Flow efficiency of Jointed deformation band)-kavg/k(Flow efficiency of 
non-jointed deformation band) 
 
This section is divided into two parts. The first part presents the influence of 
different deformation band arrays on fluid flow where joints do not be considered. 
Although many studies (Pittman, 1981; Jamison & Stearns, 1982; Harper&Moftah,1985; 
Knott, 1993; Antonellini & Aydin, 1994; Gibson, 1994,1998; Knipe et al., 1997; 
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Crawford, 1998; Antonellini et al., 1999; Fisher & Knipe, 2001; Jourde et al., 2002; 
Shipton., 2002) have proposed that cataclastic deformation bands exhibit low 
permeability, it cannot be claimed that cataclastic deformation bands would restrict fluid 
flow. The second part presents the simulation results of sensitivity analysis about jointed 
deformation bands. And the comparison about the impact of deformation bands without 
joints and jointed deformation bands (Table 4.2 and 4.3) is also discussed. 




Table 4.3. Graphs Related to Jointed Deformation Bands Comparing with Non-Jointed 





4.1.1. Influence of Deformation Bands Positions. According to the 
observations from North Utah (Tindall & Davis, 2003), the fluid flow with respect to the 
distribution of deformation bands is shown in Figure 4.1. For comparison the results of a 
non-jointed deformation band expanding over the complete thickness of the matrix is 
included (yellow data points in Figure 4.1). It is evident that the distributions of 3DB 
(Table 4.2 a) and 3DB2U1D (Table 4.2 d) are the least and most effective in retarding 
fluid flow, respectively. The negative impact of 3DB2U (Table 4.2 b) and 3DB3U (Table 
4.2 c) on fluid flow are similar but the distribution of 3DB2U is more effective than the 
3DB3U in restricting fluid flow. 
For the permeability contrast of 10
1
, kavg/k of all deformation band distributions 
are similar, especially for kavg/k of model 1, 2 and deformation bands expanding over the 
complete thickness of the matrix like L1 in Table 4.2 e (yellow points), because the low 
permeability contrast weakens the ability of deformation band in restricting fluid flow. 
For the permeability contrast of 10
2
, kavg/k of all deformation band distributions decrease 
slightly. For deformation band without joint, the kavg/k is decreased by 0.48. When the 
permeability contrast is larger than 10
3
, the kavg/k of all deformation band distributions 
are independent with permeability contrast. For the deformation band without joint, the 
kavg/k is 0.05 then kavg/k are all zero when the permeability contrast is larger than 10
3
. 
Since the deformation bands are equally spaced in the modeled system, the 
explanation of their differences in restricting fluid flow listed below can be described by 
the respective length of the flow path of a particular flow particle (Figure 4.2). The 
3DB2U1D configuration creates the longest distance where fluid flow has to bypass the 
deformation bands to flow across the relatively high permeable sandstone (Figure 4.2 d). 
3DB2U (Figure 4.2 c) narrows the distance (Lc<Lb) where fluid flow can pass through 
part of the bottom permeable matrix relative to the distribution of 3DB3U (Figure 4.2 b). 
For the 3DB3U configuration (Figure 4.2 b), when fluid flow hits the deformation band 
on the left, fluid has to flow down and pass through part of the bottom permeable matrix. 
However, for the 3DB configuration (Figure 4.2 a), most of the fluid flow can pass 
through part of the top and bottom permeable matrix when it meets the first deformation 
band. Thus, the flow path distance in 3DB is the shortest and the volumetric flow rate is 




Figure 4.1. The variation of kavg/k with respect to k/kDB for models with four different 
distributions. 
 
This explanation using the flow path distance to quantify differences in kavg/k can 
also be supported by comparing kavg/k of the 3DB distribution (Figure 4.3 a) with kavg/k 
of a deformation band of length L2 (Figure 4.3 b). Although the distance of the 
deformation band to the top and bottom boundaries (x1 in Figure 4.3 a) in the 3DB 
distribution is larger than the distance of deformation band with the length of L2 to the 
top and bottom boundaries (x2 in Figure 4.3 b), kavg/k for 3DB are smaller than kavg/k of 
the deformation band with the length of L2 (Figure 4.4). Because fluid flow through 3DB 
(Figure 4.5 a) has to pass through the space 1 and 2 when it hits the deformation band 
boundaries, which increases the flow path distance relative to deformation band with the 
length of L2 (Figure 4.5 b). 
When considering sweep efficiency, the 3DB2U1D configuration is more 
effective. If a production well is located in deformation band zone, the 3DB2U1D 
configuration traps the most amount of water, which has the most positive effective to 





Figure 4.2. Fluid flow vectors through the four different distributions of deformation 







Figure 4.3. (a) The configuration of 3DB. (b) The deformation band with the length of 
L2. (The length of deformation band in Figure 5.5a < L2). 
 
 
Figure 4.4. The variation of kavg/k with respect to k/kDB for 3DB distribution and 




Figure 4.5. (a) Fluid flow vectors through the deformation band with 3DB distribution. 
(b) Fluid flow vectors through the deformation band with the length of L2. 
Figure 4.6 shows the different deformation band positions including a single joint 
in the middle of the deformation band. In general, ∆kavg/k are increased for each 
permeability contrast when the deformation band positions vary from 3DB to 3DB2U1D. 
For the smallest permeability contrast (i.e. 10
1), ∆kavg/k are as small as 0.05, and the role 
of the joint can be ignored. For increasing of permeability contrasts, the influence of the 
joint becomes more significant in conducting fluid flow (i.e. 3DB2U1D:∆ kavg/k is 
increased by 60%; 3DB: ∆ kavg/k is increased by 38%). When the permeability contrast is 
larger than 10
3, ∆kavg/k remain constant because the deformation band can be considered 
as a fluid flow barrier, and the joint becomes the major fluid flow path way.  
As mentioned at the beginning of this section, the 3DB and 3DB2U1D 
configurations have the least and most effect on impeding fluid flow. As shown in Figure 
4.6, the role of the joint in conducting fluid flow in 3DB is not as significant as in 
3DB2U1D. The average flow efficiency difference (∆kavg/k) of 3DB (i.e. 0.093) is about 
half of 3DB2U1D (i.e. 0.19). And the average ∆kavg/k of 3DB3U and 3DB2U are 0.13 
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and 0.17. When considering the existence of joints, the average permeability (kavg) of all 
the four distributions of jointed deformation bands increase slightly and kavg for each 
distribution deformation bands is similar (Figure 4.7). Since joints provide a pathway for 
fluid flow in the four deformation band distributions, they shorten the flow distances in 
some extent and thus volumetric flow rates are increased (Figure 4.8).  As shown in 
Figure 4.8 d, the fluid flow in 3DB2U1D configuration does not need to totally bypass 
the deformation bands to flow through the permeable matrix. Thus, the increased kavg/k is 
the most obvious.  For 3DB, although joints create a pathway, most of the fluid particles 
still flow through part of the top and bottom matrix as shown in Figure 4.8 a. The 
increasing of kavg/k is the least among other deformation band distributions. The kavg/k for 
3DB3U and 3DB2U are nearly the same. Because the flow pathway produced by joints 
makes up the difference in distance (Lb>Lc) for fluid flow through the bottom part of 
matrix (Figure 4.8 c). 
Although the largest flow efficiency differences (∆kavg/k) is only ~0.2, it cannot 
be claimed that joints do not play a significant role in conducting fluid flow for the spatial 
distribution of deformation bands. Because various factors such as the deformation band 
length, the deformation band thickness and the number of deformation bands in the 
system are not taken into account. 
4.1.2. Influence of Deformation Bands Length.  To investigate the influence of 
deformation band length on fluid flow, several models are built and the relationship of 
flow efficiency (kavg/k) of different lengths of deformation bands versus the 
permeability contrast is plotted in Figure 4.9 where L1 indicates the length of 
deformation band totally seal the matrix along the y-direction. It is observed that the 
volumetric flow rate ratios (kavg/k) for deformation band with various lengths (L8 to L1, 
as shown in Table 4.2 e) increases significantly when the length increases from L2 to L1 
except for the lowest permeability contrast of 101 (i.e. contrast of 101 represented by 
blue lines in Figure 4.9). Little difference (i.e. 0.125) is observed when L=L2 with 
permeability contrast of 102 and 103 (Figure 4.9). This illustrates two points: (1) the 
relative high permeability of deformation bands shows little negative impact on fluid 
flow; (2) once the deformation band does not seal the permeable matrix along the y- 
direction (i.e. L8 to L2), the permeability contrast has little influence on fluid flow. When 
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the length is smaller than L4, the volumetric flow rate ratios become independent of 
permeability contrast (red inset in Figure 4.9). 
 
Figure 4.6. The variation of ∆kavg/k with respect to deformation bands with four different 
distributions for each permeability contrast. 
 
Figure 4.7. The variation of kavg/k with respect to the four configurations deformation 




Figure 4.8. Fluid flow vectors through the four different distributions of deformation 




Figure 4.9. The variation of kavg/k with respect to deformation band length for each 
permeability contrast. 
 
The increased volumetric flow rate caused by considering joints for deformation 
band with the length of L1, L3, L5, and L7 is displayed in Figure 4.10. It is evident from 
the Figure 4.10 that a joint only plays a significant role when the deformation band totally 
seals the matrix along the y-direction (i.e. L=L1, blue columns in Figure 4.9). The largest 
∆ kavg/k of the deformation band with the length of L1 is as much as 0.76. With regard to 
other lengths, the largest ∆kavg/k is below 0.1. This can be explained by that the joint 
becomes the major flow pathway when deformation band terminates at top and bottom 
boundaries of the system. 
∆kavg/k for deformation bands of various lengths at the lowest permeability 
contrast (i.e. 10
1
) are all less than ∆kavg/k of other permeability contrasts. Because high 
permeability deformation bands act as weak fluid flow barrier, the effectiveness of the 
joint in conducting fluid flow is not significant for high permeability deformation bands. 
When the deformation band is as short as L7, the magnitudes of all permeability contrast 





Figure 4.10. The variation of ∆kavg/k with respect to k/kDB for deformation band 
with the length of L1, L3, L5, and L7. 
4.1.3. Influence of Deformation Bands Strikes.  In order to evaluate how the 
orientation of deformation bands affect the fluid flow, 10 finite element models were 
built for deformation band strikes varying from 0 to 90 degrees with 10 degrees interval. 
0 degree and 90 degrees represent the deformation band strikes along y and x direction 
respectively. In Figure 4.11 only 0, 30, 50, 70, and 90 degrees are presented. 
Adding different orientations to the deformation bands changes the flow 
efficiency of the system. Increasing the deformation band strike will lead to an increase 
of flow efficiency (Figure 4.11) relatively to that model where the strike of deformation 
band is 0 degree (Table 4.2 f). The more parallel to the flow direction the deformation 
bands are, the higher the volumetric flow rate. For the strike of 90 degrees (Table 4.2 h), 
kavg/k is equal to 1 (Figure 4.11). Therefore, flow along rather than across the 
deformation bands will be facilitated. The differences in kavg/k for different deformation 
band strikes can also be illustrated by Figure 4.11. 
In Figure 4.12 (b), the line ABC constitutes the streamline pattern. The fluid flows 
horizontally through the left side of the sandstone matrix until reaching the deformation 
band (A), then flows normally across the deformation band (B), then flows horizontally 
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from the deformation band to the right side of the matrix. This occurs in-spite of the 
pressure gradient acting on the whole system being horizontal from the left to right side. 
Thus, the effective distance of the fluid flow is A+B’+C, where B’ is the horizontal 
component of B equaling to B ∗ cos θ (θ is the deformation band strike ). This case only 
considers non-jointed deformation band, there is no flow pathway provided by joints. The 




) to judge. 
 
Figure 4.11. The variation of kavg/k with respect to deformation band strikes with 0, 30, 
50, 70, and 90 degrees for each permeability contrast. 
The flow path for deformation bands representing strikes of 30 and 70 degrees are 
exemplarily calculated: 
 30 degrees 
A=3.176*10
-2
m   B=1*10
-3












 70 degrees 
A=3.838*10
-2
m   B=1*10
-3








= 0.0055899                                                                   (53) 
The percentage of flow path across the deformation band where deformation band 
strikes 30 degrees is 2.5 times larger than the percentage of flow path across the 
deformation band where the deformation band strikes 70 degrees. Thus, larger 
deformation band strike has less negative effect on fluid flow. 
 
Figure 4.12. (a)The flow path across a deformation band with a certain strike. (b) The 
sketch of (a) in order to clearly present. 
However, if jointed deformation bands are considered, the results are contrary to 
non-jointed deformation bands’: (1) Increasing deformation band strike, where joint 
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strike is normal to the strike of the deformation band, the volumetric flow rate decreases 
(Figure 4.13 a); (2) Increasing joint strike, where deformation band strike remains along 
the y direction, the volumetric flow rate also decreases (Figure 4.13 b). More detailed 
descriptions about Figure 4.13 have been given in section 4.2. 
 
Figure 4.13. (a) The variation of kavg/k with respect to k/kDB for models shown in Table 
4.1 i to l. (b) The variation of kavg/k with respect to k/kDB for models with joints strikes 
with 0, 30, and 60 degrees. 
Increasing the strike of joint or deformation band, the fluid flow is less parallel to 
the joint if the model is taken as a reference (Figure 4.14), which the strike of joint and 
deformation band are 0 degree (the strike of deformation band is along the y-direction 
and joint are perpendicular to the deformation band). Taylor et al., (1999) utilized Eq.(54) 
to explain this phenomenon (Figure 4.15). Once an angle exists between pressure 
gradient contour and joint, the cubic law needs to be revised by inducing some 
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parameters which considering the fluid flow is no longer parallel with the direction of 
joint. 
 
Figure 4.14. The reference model where joint and deformation band strike defined in this 
figure are 0 degree. 


























2 ]                                 (54) 
where ∅1 is the smaller angle between the head contour in the matrix and a line normal to 
the joint wall, ∅2 is the smaller angle between head contour in the joint and a like normal 
to the joint wall. kf and km are the permeabilities of the joint and the matrix, respectively, 
ad is joint width. 





2  is an extremely small number due to magnitude orders of difference between 





2 ] is less than 1. 
Plotting ∆kavg/k exhibits a descending trend with the increase of deformation band 
strike (Figure 4.16). As mentioned above, with regard to non-jointed deformation bands, 
a larger deformation band strike can promote the fluid flow. However, with respect to 
jointed deformation bands, a larger deformation band strike has negative effect on fluid 
flow. Thus, the ∆kavg/k  becomes smaller with the increasing of deformation band strike. 
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For deformation band with strike of 90 degrees, the ∆kavg/k are zero because fluid 
flow only through the more permeable matrix, the volumetric flow rate of jointed or non-
jointed deformation band are the same. 
 
Figure 4.15. The shaded lines indicate the head contours. The arrows show the 
flow path that a fluid particle would travel. It moves from the matrix, across the fracture, 
and back into the matrix. The bending of the head contours across the interface obeys a 
refraction law similar to Snell’s law (Taylor et al., 1999). 
 
Figure 4.16. The variation of ∆kavg/k with respect to jointed deformation band which 
deformation band oblique from 10 degrees to 40 degrees for each permeability contrast. 
For the permeability contrast of 10
1, ∆kavg/k of deformation band with strike of 0, 
30, and 50 degrees are around 0.1. Because the permeability of deformation band is only 
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1 order of magnitude smaller than the permeability of matrix, the effect of deformation 
band on restricting fluid flow is not obvious. ∆kavg/k of deformation band with a strike of 
70 degrees is nearly zero. The deformation band with a strike of 70 degrees is the most 
parallel to fluid flow direction among the deformation bands in Figure 4.16, its 
effectiveness in restricting fluid flow is the least. Additionally, the permeability of 
deformation band is only one order of magnitude smaller than the permeability of matrix; 
it does not present strong ability to weaken fluid flow. Thus, the role of joint can be 
ignored. 








, ∆kavg/k of 
deformation bands increases significantly, whereas ∆kavg/k of deformation band for 




only increase slightly. Because with regard to 
deformation bands with the permeability contrast of 10
2
, their impact on retarding fluid 
flow is more effective comparing with deformation bands for permeability contrast of 
10
1
. But deformation band permeability is not low enough and deformation band with 
larger strikes has less effective on impeding fluid flow (i.e. the ∆kavg/k of deformation 
band with the strike of 70 degrees are 0.001). After the permeability contrast of 10
2
, 
deformation band permeabilities are extremely low to behave a barrier for fluid flow. 
Therefore, joint extremely contribute to fluid flow for the deformation band with 
permeability contrast larger than permeability contrast of 10
2
. 
4.1.4. Influence of Conjugate Deformation Bands.  Deformation bands have 
been found observed in conjugate sets (Harris & Cobbold, 1985; Antonellini et al., 1994; 
Davis et al., 2000; Ahlgren, 2001; Fossen & Bale, 2007; Rotevatn et al., 2013; Tindall, 
2014; Tindall & Eckert, 2015). How jointed and no-joint conjugate deformation bands 









, there is only a slight decline of volumetric flow rate ratios. 




, the volumetric flow rate ratios 
decrease a lot. The volumetric flow rate ratios of both jointed conjugate deformation band 
and non-jointed conjugate deformation band are equal and are close to 1 when the 




. For the permeability contrast of 10
3
, there is only 
slight difference of jointed and non-jointed conjugate deformation band. When the 




, the volumetric ratio difference of jointed 
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and no-joint conjugate deformation band gradually become larger. For the permeability 
contrast of 10
6
, the volumetric flow rate ratios of this two kind deformation band reach 
the lowest value. For the non-jointed deformation band, the volumetric flow rate ratio is 
nearly equal to 0. 
 
Figure 4.17. The variation of kavg/k with respect to k/kDB for conjugate deformation bands 
with and without joints. 
4.2. INFLUENCE OF PARAMETER VARIATION 
This section is an extension of Tindall (2014)’s study. The sensitivity analysis has 
been performed to investigate more control parameters (Table 4.4). A comparison of 
volumetric flow rate through jointed deformation band, deformation band without joints, 
and the equivalent homogeneous sandstone matrix for each considered permeability 
contrast are included to evaluate the influence of joints on the fluid flow through jointed 
deformation bands. 
Table 4.4 lists the parameters which may affect the fluid flow through jointed 
deformation bands. The variation for each parameter (Table 4.4) shows how these 
parameters affect the fluid flow. Once one parameter becomes variable, other parameters 
remain unchanged. 
4.2.1. The Influence of Joint Aperture on Fluid Flow.  Figure 4.18 exhibits the 
relationship between the volumetric flow rate ratios of various joint apertures 
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deformation band and permeability contrasts. The observations are summarized as 
follows: 
Table 4.4. Parameter Variation. 
 
 
 The volumetric flow rate ratios of jointed deformation band with various joint 
apertures are almost constant with the permeability contrast whereas the 
volumetric flow rate ratios of deformation band without joints is declining with 
the increase of permeability contrast. 
 The volumetric flow rate ratios of jointed deformation bands with various joint 







However, for the no joint deformation band, the volumetric flow rate ratios have a 





the permeability contrast of 10
3
, the volumetric flow rate ratios are nearly zero. 
 When the permeability contrast is equal to 101, the volumetric flow rate ratios for 
joined and non-jointed deformation band reach the peak of each group of data. 
The difference between the volumetric flow rate ratios of jointed deformation 
band is closed. However, the difference between the volumetric flow rate ratios of 
jointed and no joint deformation bands still exist. 
 The volumetric flow rate ratios of deformation band with 1mm joint aperture are 
all equal to 1 for each permeability contrasts, whereas the volumetric flow rate 
ratios of deformation band with 0.1mm and 0.01mm joint aperture are lower than 
1 for each permeability contrast. 
 
Figure 4.18. The variation of kavg/k with respect to k/kDB for models with different joint 
apertures and constant joint spacing and deformation band thickness. 
4.2.2. The Influence of Deformation Band Thickness on Fluid Flow.  Figure 
4.19 shows the relationship between the volumetric flow rate ratios of various 
deformation band thicknesses with the permeability contrasts. The green, red, and blue 
circles indicate the thicknesses of deformation bands are 1mm, 5mm, and 1cm. The joint 
aperture and K value (joint spacing) remain 0.1mm and 1. The green, red, and blue 
diamonds are deformation bands without joints, which the thicknesses correspond with 
the jointed deformation bands mentioned above respectively. 
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For the model 1, there is only a slight decline of kavg/k resulting from an 




. Then, the increasing permeability 
contrasts have a negligible effect on the kavg/k. For the model 2 and model 3, the decline 
of the kavg/k from 101 to 102 permeability contrast is a little bit larger than the decline 
from 102 to 103 permeability contrast. After the permeability contrast of 103, the kavg/k 
for jointed deformation band are constant with the permeability contrast. The kavg/k 
differences between jointed deformation bands are obvious comparing with the case of 
jointed deformation band with various joint apertures. The differences of kavg/k of 
between model 1 and model 2 and kavg/k of model 2 and model 3 are about 0.3 and 0.2. 
For the deformation bands without joints, the volumetric flow rater ratios kavg/k of 
deformation bands with 5mm and 1cm thick coincide with each other and are all lower 
than the kavg/k of jointed deformation bands. However, the case of deformation band with 
1mm thick is different from the other two. The kavg/k at the permeability contrast of 10
1
 is 
a little bit higher than the kavg/k of jointed deformation band with 5mm thick and is about 
0.1 lower than the kavg/k of jointed deformation band with 1mm thick. After the 
permeability contrast of 10
1
, the kavg/k of deformation bands with 1mm thick are lower 





, the difference between kavg/k of deformation bands with 1mm 
thick and kavg/k of the other two are about 0.3. Then the difference is narrowed to 0.05 at 
the permeability contrast of 10
3
, after this, the kavg/k of all deformation band thickness are 
near equal.  
4.2.3. The Influence of Joint Spacing on Fluid Flow.  The relationship between 
the volumetric flow rate ratios to the permeability contrast is showed in Figure 4.20. All 
the data points represented in this figure are all from the numerical models with the same 
join aperture, deformation band thickness and different joint spacing (Table 4.3). The 
volumetric flow rate ratios kavg/k of the jointed deformation bands with all spacings 





, then the kavg/k keeps constant. 
Figure 4.20 clearly exhibits that the joins spacing has a prominent effect on fluid 
flow across jointed deformation bands. At the permeability contrast of 10
1
, for the model 
3 and model 4, the kavg/k of them are only little bit larger than the kavg/k of deformation 
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bands without joint. After that, the kavg/k of them are lower or equal to 0.2 but the 
differences of kavg/k between model 3 and model 4 and deformation bands without joint 
become larger.  
The differences of kavg/k between model 1 and model 2, model 3 and model 2, 
model 4 and model 3 are 0.24, 0.42, and 0.078 respectively. It can be observed that when 
the K value (joint spacing) is larger than 5, the difference of kavg/k becomes smaller; 
when the K value (joint spacing) is smaller than 5, the difference of kavg/k becomes 
larger. 
 
Figure 4.19. The variation of kavg/k with respect to k/kDB for models with different 
deformation bands thickness and constant joint aperture and joint spacing. 
4.2.4. The Influence of Joint Orientation on Fluid Flow.  Figure 4.21 illustrates 
how joint orientation affects the fluid flow through jointed deformation band. 0 degree 
represents joints are perpendicular to deformation bands. 30 and 60 degrees indicate joint 
orient clockwise from 0 degree (Figure 4.8). The joint aperture, deformation band 
thickness and K value (joint aperture) for deformation band in this figure are 0.1mm, 
1mm, 1 (Table 4.3). It is evident from the Figure 4.8 that all data points are close to 1 and 
no significant drop is observed, fluid flow across jointed deformation bands is 
irrespective of joint orientation.  
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4.2.5. The Influence of Deformation Band Orientation on Fluid Flow.  Model 
1, 2, and 3 exhibit deformation bands striking in 0, 30, 70 degrees. The diamonds in 
Figure 4.22 represent deformation bands without joints (Table 4.2 f, g, i), which 
correspond with jointed deformation bands shown in Table 4.3(f, g, i). 
 
Figure 4.20. The variation of kavg/k with respect to k/kDB for models with different joint 
spacing and constant joint aperture and deformation band thickness. 
The trend for kavg/k of jointed deformation band and non-jointed deformation 
band with respect to permeability contrast are opposite which has been explain in the 
section 4.12. The kavg/k of model 1 and model 2 are equal to 1 and closed to 1. The kavg/k 
of model 3 are around 0.8 except for the permeability contrast of 101 because for jointed 
deformation band, larger deformation band strike will lead to less volumetric flow rate. 
At the permeability contrast of 10
1
, kavg/k of model 1 to 3 and deformation band with the 
strike of 70 degrees are nearly the same due to low deformation band permeability and 
more parallel deformation band strike (with respect to fluid flow direction). The 
difference between non-jointed deformation band with the strike of 0 and 30 degrees are 
the largest at the permeability contrast of 10
2
. Because, at the permeability contrast of 
10
1
, the lowest permeability of deformation band limits its function as fluid flow barrier. 
When the permeability contrast is increased to 10
2
, with regard to deformation band with 
0 degree, its strike is perpendicular to fluid flow direction which has the most negative 
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effect on retarding fluid flow. And combining with increased permeability, the difference 
between deformation bands with the strikes of 0 and 30 degrees becomes larger. For the 
permeability contrast of 10
3
, the permeability of deformation band is low enough to 




, the kavg/k of non-jointed 
deformation band are nearly zero. 
 
Figure 4.21. The variation of kavg/k with respect to k/kDB for models with joints strike 
from 0 degrees to 60 degrees with 30 degrees intervals.  
 
Figure 4.22. The variation of kavg/k with respect to k/kDB for deformation bands with the 




5. SUMMARY AND DISCUSSION 
5.1. SUMMARY 
The results show that the effect of deformation band arrays and jointed 
deformation bands on volumetric flow rate for the whole system depends on their spatial 
distribution (positions and continuity), deformation band orientations, joint apertures, 
joint spacing, and joint orientations.  For jointed deformation bands, the role of control 
parameters (joint aperture, joint spacing, deformation band thickness, etc.) is 
interconnected, and the quantification of the effect of one parameter depends on the 
values of other parameters. This inter-dependency of the control parameters is also valid 
in cases with non-jointed deformation bands. For example, the results displayed in Figure 
5.1 show that the joint aperture has a negligible effect on the volumetric flow rate. If 
deformation band thickness is increased, this small effect will be increased significantly.  
 
Figure 5.1. (a) The variation of Q/Qss with respect to k/kDB for deformation band (1mm) 
with different joint apertures. (b) The variation of Q/Qss with respect to k/kDB for 
deformation band (1cm) with different joint apertures. 
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Some parameters affecting the volumetric flow rate and illustrates how changes in 
these parameters can make the volumetric flow rate in the system change are summarized 
in Figure 5.2. 
 
Figure 5.2. A list of factors affects volumetric flow rate in jointed deformation 
bands. 
 Decreasing joint aperture will lead to less volumetric flow rate. This matches with 
the cubic law (Boussinesq, 1868). 
 Wider spaced jointed deformation band result in less volumetric flow rate. This 
observation is in agreement with Matthäi & Belayneh (2004), because smaller 
joint spacing reduces the distance over which flow has to pass through the less 
permeable matrix and deformation band. 
 With an increase in deformation band thickness, the volumetric flow rate becomes 
smaller because the thicker deformation bands occupy more space in the system. 
This observation is also reported by Shipton et al.,2005. 
 The simple analytical calculation utilized by Tindall (2014) shows that the 
volumetric flow rate of fluid flow through jointed cataclastic deformation band can equal 
or exceed the discharge flow rate through the equivalent sandstone. Further the 
volumetric flow rate through jointed cataclastic deformation band increases with the 
increasing joint aperture. The results (Figure 5.1-a) in this study exhibit a similar trend, 
but do not exactly match with Tindall’s (2014) study. The differences are caused by the 
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following assumptions in Tindall’s (2004) study: (1) the permeability of deformation 
band is extremely low; (2) the jointed deformation band is not surrounded by matrix, 
fluid flow is only assessed through the joint. This study makes the following 
improvements: matrix and variation of deformation band permeabilities are involved. 
Different parameters (i.e. joint spacing, deformation band thickness, joint and 
deformation band strike, etc.) are taken into account by using numerical simulation. The 
influence of deformation band continuity and deformation band orientations on fluid flow 
is studied.  
Variations of joint spacing are considered in this study. Matthäi & Belayneh 









). Joints can be 
viewed as low-displacement fractures and the volumetric flow rate has a positive 
correlation with the effective permeability. Figure 5.2 shows that with the increasing of 
joint spacing, the volumetric flow rate decreases, because smaller joint spacing reduces 
the distance over which flow has to pass through the less permeable matrix and 
deformation band. 
Shipton et al. (2005) uses the finite difference method to investigate the influence 
of deformation band thickness on sealing characteristics of deformation band fault zones. 
Their results show that a higher deformation band thickness has less transmissibility (T) 
which indicates a better sealing effect (Table 5.1) where the transmissibility is calculated 









)                                                  (55) 
where tf is deformation bands zone thickness; km and kf are the permeability of matrix and 
deformation bands zone; L is the size of grid block which is adjacent to the fault; T is 
transmissibility multiplier to represent the effect of fault rock on fluid flow between two 
grid blocks relative to host rock block permeabilities. As illustrated at the beginning of 
this section, the influence of one control parameter on fluid flow is dependent on the 
values of other parameters. In addition, the transmissibility used in Shipton et al. (2005) 
is acquired based on the grid block size which is the parameter only related to their 
specific cases. Thus, only the variation trend can be compared. As shown in Figure 5.2, 
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increasing deformation band thickness will lead to reduction in volumetric flow rate. And 
the results from Shipton et al. (2015) show that the thicker the deformation band, the 
lower the transmissibility would be (Table 5.1). Although joints considered in this study 
are able to conduct fluid flow, the influence of deformation band thickness is still obvious 
as shown in Figure 4.19. Thus, deformation band thickness is an important parameter. 
Table 5.1. Results of Shipton et al. (2005). 
 
For jointed deformation bands, increasing deformation band strike will decrease 
volumetric flow rate (Figure 5.2).  This result is different from the numerical study of 
Kolyukhin et al. (2010) which an increasing of deformation band strike has a positive 
influence on effective permeability (Figure 5.3). Previous studies (Kolyukhin et al., 2010; 
Qu & Tveranger, 2016) related to deformation band orientation does not involve joints. 
For non-jointed deformation bands, increasing the deformation band strike will result in 
increasing of volumetric flow rate. The deformation bands strike more parallel to the flow 
direction, the higher volumetric flow rate. If joints are considered, the results are 
opposite. Joints are the major pathway for fluid flow. Increasing the strike of joints or 
deformation bands, the fluid flow will be less parallel to the joint. Taylor et al., (1999) 
also utilized the revised cubic law to explain this phenomenon. 
Sigda et al. (1999) and Kolyukhin et al. (2010) propose that orientations of 
deformation bands may change flow pattern and conduct fluid flow and Fossen & Bale 
(2007) and Fossen et al. (2007) indicate that the limited continuity of deformation bands 
can undermine their ability to restrict fluid flow. Geometries in Table 4.2 a to j are 
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designed to investigate the influence of limited continuity on fluid flow. As shown in 
Figure 4.1 and 4.9, the four distributions of deformation bands without joints and 
deformation bands with length of L8 to L2 except for the lowest permeability contrast 
(i.e. 10
1
) extremely promote fluid flow comparing with deformation bands totally seal the 
matrix (yellow circles in Figure 4.1, L1 in Figure 4.9). If considering joints, the role of 
the joints in conducting fluid flow through non-continuous deformation bands is not 
significant (Figure 4.6 and 4.10). When the permeability contrast is low and deformation 
band length is very small (i.e. L7 and L8 in Figure 4.10), the role of the joints can be 
ignored. For orientations of deformation bands, the results in Figure 4.11 match the 
previous studies. When fluid flows along the deformation band, the volumetric flow rate 
is equal to the discharge flow rate of the equivalent sandstone. 
 
 
Figure 5.3. Effective permeability Keff in the upscaled coarse block as a function 
of the dip of the deformation bands (dip=π/2-θ).  Iθ=0 (random orientation of the dip), 
number of stuctures=10; permeability contrast between the bands and the host rock: 10
-2
 
and Dc=0.8. Keff is the reference permeability calculated for continuous deformation 
bands perpendicular to the flow direction, corresponding to θ=0 or a dip equal to 90°. 
The study of Fossen & Bale (2007) adds validation to this study. The numerical 
results acquired by this study correspond well with the analytical solution (red line and 
blue line in Figure 5.4) calculated by the Equation (56) provided by Fossen & Bale 
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(2007). The prerequisite of this thesis and Fossen & Bale (2007)’s study can be 
quantitative compared is that this study and Fossen & Bale (2007)’s study all use the 
relationship between normalized indicators (Q/Qss and kA/k) to permeability contrast 
(k/kDB) to exhibit the influence of deformation band on fluid flow. Q/Qss and kA/k are 
independent of the permeabilities of sandstone and matrix defined in each of these two 
studies. However, there is a difference between this study and their study: Fossen & Bale 
(2007) conclude that the permeability contrast between matrix and deformation band 
permeability must exceed four orders of magnitude before significantly restricting fluid 
flow, whereas in this work, for wider non-jointed deformation bands (~1cm), they can 
strongly restrict fluid flow even at a permeability contrast of 10
2
. The reason is that the 
flow efficiency calculated by Equation (56) is independent of the geometry scale. Only 
the percentage area that deformation bands occupied in the whole model system is able to 
influence the flow efficiency.  
  
Figure 5.4. Flow efficiency versus host rock and deformation band permeability ratio 
(k/kDB). 
As shown in  Figure 5.4, the example 1 is the result from the study of Fossen & 
Bale (2007). 48764.7 indicate the ratio of matrix thickness to deformation band thickness. 
When the ratio is decreased to 48.7 (Example 2), the curve tend to close to the thesis 
result (red line). When the ratio is decreased to 6, the result (Example 3) totally matches 
79 
 
with the analytical solution. Since thesis results are output from the geometry where the 
ratio of matrix thickness to deformation band thickness is 6. Both of these two studies 
assume that the fluid flow is a linear flow. However, the percentage area that deformation 
bands occupied in Fossen & Bale (2007)’s study is only 0.1 whereas in this study, the 
percentage area that deformation bands occupied is as high as 6. When the horizontal 
injector is close to deformation band zone, the permeability contrast between matrix and 
deformation band can be as high as 10
2








                                                           (56) 
5.2. LIMITATIONS 
In order to successfully investigate the impact of control parameters on fluid flow 
through jointed deformation bands, some certain assumptions are proposed. As a result, 
this study has some limitations: 
 The joints in model design are pre-existed. The joints considered in this study are 
evenly distributed and normal to the deformation bands. Petrie et al. (2014) 
indicated that deformation bands contained mineralized joints paralleling to the 
bands within a fault damage zone, which are not included in this study. 
 This study utilizes the FEA software to simulate the fluid flow through jointed 
deformation bands. Due to the limitation of the software, the study only considers 
the single phase flow and output parameters related to fluid flow are limited. 
 Material properties data lacks the detailed field calibrations and material 
properties are assumed as homogeneous. Torabi and Fossen (2009) proposed 
petrophysical properties along deformation bands in reservoir sandstone exhibit 
spatial variation. 
 The geometry scales were chosen on the basis of field data and this study mainly 
focuses on a single deformation band. The actual parameter magnitudes 
encountered in the field may or may not exceed the range involved in this study. 
 This study only considers single phase fluid flow. For multiple phase flow, 




This study utilizes the numerical modeling approach to investigate the effect of 
control parameters (e.g. joint aperture, joint spacing, joint orientation, deformation band 
thickness, deformation band orientations, and deformation band arrays) on fluid flow 
through jointed or non-jointed single deformation band.  
 For study related to non-jointed deformation bands, important conclusions are 
listed as follows: 
 The influence of deformation bands on fluid flow depends on deformation band 
distributions:  
(1) As long as the deformation band does not seal the matrix, its negative 
influence on fluid flow is slight. 
(2) The higher the deformation band occupied with respect to the whole 
model geometry has more negative effect on fluid flow. 
(3) The fluid flow more parallel to the deformation band strike, the 
deformation band has more negative effect on fluid flow. 
 In the small scale geometry (~cm scale), the permeability of deformation bands 
does not need to be very low (k/kDB≥10
2
) to significantly restrict fluid flow. In the 
large scale geometry (~ hundred meters scale), the permeability of deformation 
bands need to be very low (k/kDB≥10
4
) before acting as a significant barrier for 
fluid flow. 
 The distribution of deformation bands has influence on sweep efficiency. The 
more fluid can be trapped by deformation band, the higher sweep efficiency can 
be reached. 
For study related to jointed deformation bands, important conclusions are listed as 
follows: 
 Jointed deformation bands do not restrict fluid flow and rather provide a primary 
pathway for fluid flow. 
 Volumetric flow rate through jointed deformation bands can be equal or exceed 
the discharge flow rate through an equivalent volume of sandstone. 
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 Volumetric flow rate through jointed deformation bands can be strongly affected 
by: 
(1) Joint aperture: the influence of joint aperture variation can be ignored 
and for thin deformation bands (~1mm) joint aperture is insignificant. 
(2) Joint spacing (K value): for K ranging from 1 to 0.5, volumetric flow 
rate approaches the flow through homogenous matrix. 
 The strike of joint and deformation band is able to retard fluid flow but not too 
much. 
 The influence of permeability contrast (k/kDB) larger than 10
3
 on volumetric flow 
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